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has been observed after thermal annealing of the rf-sputtered Y-Ba-Cu-0
SrTi03 substrate. Through energy-dispersive x-ray analysis, it was found that the
of the fractal was YBa2Cu30 and the surrounding film composition was Y2Ba2Cu30„. The fractal dimensions D ranging from 1.26 to 1.65 were obtained using the standard

Fractal formation

thin film on
composition

sandbox method with diA'erent thresholds.

Fractal formation has been an active field of research in
Various computer models
have been
recent years. '
' like
and many experimental
investigated
systems
ultrafine smoke particles, porous sandstones, and electrolyte metal deposits have been studied. In this paper, we
report the first observation of fractal growth of the highY-Ba-Cu-0 thin film on
temperature superconducting
SrTiOi substrate.
The Y-Ba-Cu-0 thin films were deposited by rf sputtering from a 2-in. -diam single composite 1:2:3target onto a
heated SrTiOi substrate. The target-substrate distance
was kept at 2. 5 cm, and the rf input power was usually set
at 100 W. The typical thickness of the film was of the order of 0.5 to 1 pm. During deposition the sputtering
chamber was kept at 20-30-mtorr pressure for an Ar-02
mixture of 2:1 ratio. The substrate was heated at 300'C
and was monitored by a type-K thermocouple. Due to the
the composition of the film
negative ion bombardment,
This rewas not homogeneous
across the substrate.
sputtering phenomena in the Y-Ba-Cu-0 single target has
been reported before. ' Details of our results on the composition variation will be reported elsewhere. ' The asdeposited films were brownish in color and showed no
features under the optical microscope, except the gradual
variation from dark brown to light brown color. The resistance of the as-deposited film showed semi-insulating behavior. After thermal annealing in air at 870 C for a half
hour, fractal formation of Y-Ba-Cu-0 was clearly observed under the optical microscope.
In Fig. 1, optical micrographs of different regions of the
substrate are shown which clearly indicate the different
growth stages of the fractals. In Fig. 1(a) the initial nucleation of the Y-Ba-Cu-0 is clearly seen. The size of the
nucleation seed is about 1 pm. In Fig. 1(b), the treelike
growth of the fractal is shown, it shows the striking similarity to the computer simulation done by Voss. ' This
anisotropic growth of the fractal reflects the composition

variation of our deposited films. In Fig. 1(c), a typical
fractal is shown. Again this fractal still showed slight anisotropic shape. The size of these typical fractals is on the
order of 100 pm. Based on our experience that the annealed 1:2:3thin film is black in color, we suspect that the
dark fractal region is filled with the superconducting YBa-Cu-0 granular network embedded in the nonsuperconducting oxide. Through x-ray energy dispersive analysis,
it is confirmed that the composition inside the fractal patterns is close to 1:2:3 and the surrounding film composition is close to 2:2:3. The different growth stages showed
in the same substrate here is an indication of the strong
composition variation across our substrate. We did an xray analysis of a Y-Ba-Cu-0 film deposited on a
stainless-steel substrate. The composition variation across
the substrate is shown in Fig. 2. This variation of the
composition is due to the selective negative ion resputtering mentioned above. We can see that while at a radius of
larger than 3 cm the composition is roughly constant, the
Y and Ba concentrations showed dramatic change between the 2- and 3-cm radius. Our SrTiOq substrate was
placed at this distance during deposition, which explains
the strong composition variation of the as-deposited films.
The fractal growth of the 1:2:3 phase thin film on
Sr Ti02 was also studied through the scanning electron microscopy (SEM). In Fig. 3 (a), many square-shaped
single-crystal granulars with the size of 1 pm or more are
closely connected to form the fractal networks. In view of
their morphology and the color, such granulars are believed to be YBaiCu&07 —
superconducting crystallites with common c axis, but different a or b axis. It is
likely that such crystallites grew epitaxially from the
SrTiOi substrate because the substrate is (001), whose
lattices are well matched with the 1:2:3 phase. The area
between the fractal networks is filled with many smaller
amorphous granulars, which may be in the glass state or
other nonsuperconducting
phases.

„(1:2:3)
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FIG. 3. SEM micrograph of the Y-Ba-Cu-0 film on SrTi03.
(a) Inside the fractal pattern, the epitaxially grown I:2:3 phase
networks are clearly seen; (b) outside the fractal pattern,
mainly consists of, unconnected small crystallites.
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FIG. 1. Optical micrographs of diA'erent stages of the fractal
growth: (a) nucleation, (b) treelike structure, and (c) a typical
fractal.
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Figure 3(b) showed the film outside the fractal patterns
which is composed of many unconnected small crystallites. There are at least two different kinds of crystallites.
One is the 1:2:3phase single crystallite, and the other may
rebe the Y2BaCuO„(2:1:1)phase. It was reported'
cently that the 2:1:1 phase is also easily nucleated and
grew at the temperature of 900'C.
The SEM observations agreed with our x-ray analysis
given above. Namely, the fractals are made of many
small and well-connected 1:2:3phase crystallites.
The micrograph of the fractal pattern of the Y-Ba-Cufilm was digitized with a camera into a 512X 512 matrix. The intensity of each pixel ranges from 0 (black) to
90 (grey background). Using a standard threshold detection method, ' we assign the number 1 to sites with intensity less the threshold, and the number 0 to sites with inThe 0-1 twotensity
larger than the threshold.
dimensional array generated with a threshold equal to 40
is shown in Fig. 4, which corresponds to the micrograph
shown in Fig. 1(c). Since the fractal dimension can be
defined as

0

Cu

60

it

25

50
Position (mm)

75

FIG. 2. Composition variation of the as-deposited Y-Ba-Cu0 thin film on stainless steel. The target composition is 1:2:3,
and the center of the target is around 50 mm.

L

we use the simple sandbox method' to calculate the fractal dimension D. We found that the fractal dimension depends very sensitively on the threshold we chose. In Fig.

5, the log-log plots of M(L) vs L for thresholds =40, 50,
and 60 were shown. For L & 15, a slope of 2 is obtained
for all three thresholds; this corresponds to the completely
filled center black region of the fractal. For L & 15, we
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FIG. 4. A digitized two-state map of the fractal generated
40. This corresponds to the fractal

with a threshold equal to
shown in Fig. 1(c).

4

2
obtained D 1.26, 1.43, and 1.65 for thresholds
40, 50,
and 60. A detailed description of the fractal dimension
analysis of the different fractal growth stages will be given
elsewhere. '
There are various growth models describing the fractal
aggregation, which give different values for the fractal dimension. Here we will discuss two basic models which
may be related to our work. In the diffusion-limited aggregation model, the cluster is formed through random
diffusion of particles. A sticking coefficien of one is assigned, such that it is an irreversible process. In the
reaction-limited aggregation, the formation of the cluster
is governed by chemical reactions. In our system, it is
complicated by the composition variation as mentioned
above, and the fact that it is a multicomponent system; we
feel that both mechanisms may be important in the formation of clusters. Namely, at the early stage, there are
local regions where compositions are close to 1:2:3, and
due to the fact that the substrate has a good lattice match
with the 1:2:3 phase, epitaxial growth of the YBa2Cu30
1:2:3 phase is likely to happen. Once nucleation is
formed, the further growth of the cluster depends on the
neighboring composition and interdiA'usion of the various
components. Since the 1:2:3phase is a more stable phase
in the as-deposit mixed oxide film, the latent heat
released, as the cluster grows, will further aid the growth.
Presently, we feel that further experimentation is needed

Permanent address: Department of Physics, Nanjing University, Nanjing, People's Republic of China.
'Fractals in Physics, edited by L. Pietronero and E. Posatti
(North-Holland, Amsterdam, 1986).
28. B. Mandelbrot, The Fractal Geometry of Nature (Freeman,
New York, 1983).
R. Jullien and R. Botet, Aggregation and Fracta/ Aggregates
(World-Scientific, Singapore, 1987).
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FIG. 5. Log-log plot of mass M(L) vs radius L for the fractal
shown in Fig. 1(c). Slopes equal to 1.26, 1.43, and 1.66 for
thresholds equal to 40, 50, and 60.
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to elucidate the details of the physical mechanism of the
growth.
Finally, we want to mention that in a recent Letter, '9
the authors relate the superconductivity to the fractal dimension of the bulk Y-Ba-Cu-0 sample. They measured
the fractal dimensions of the superconducting grains, nonsuperconducting
grains, and the cavity in bulk sample.
They found that fractal dimensions range from 1.06 to
1.31, depending on the thermal treatment of the sample.
It is not clear whether their measurement is related to our
work at the present moment.
We would like to thank Dr. M. A. Shah and Mr. J.
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Research Grant No. 1168-908.

4I. A. Witten and L. M. Sander, Phys. Rev. Lett. 47, 1400

(1981).
sP. Meakin, Phys. Rev. Lett. 51, 1119 (1983).
M. Kolb, R. Botet, and J. Jullien, Phys. Rev. Lett. 51, 1123

(1983).
7D. W. Scahefer, J. E. Martin, P. Wiltzius, and D. S. Cannell,
Phys. Rev. Lett. 52, 2371 (1984).
D. A. Weitz, J. S. Huang, M. Y. Lin, and J. Sung, Phys. Rev.

2630

CHOW, CHEN, DESAI, SUNDARAM, AND ARORA

Lett. 54, 1416 (1985).
W. T. Elam, S. A. Wolf, J. Sprague, D. U. Gubser, D. Van
Vechten, G. L. Barz, Jr. , and P. Meakin, Phys. Rev. Lett. 54,
701 (1985).
A. Kapitulnik, Y. Lereah, G. Deuthcher, and R. P. Voss, J.
Vac. Sci. Technol. A 4, 2373 (1986).
' A. J. Katz and A. H. Thompson, Phys. Rev. Lett. 54, 1325

(1985).

' M. Matsushita, M. Sano, Y. Hayakawa, H. Honjo, and Y.
Sawada, Phys. Rev. Lett. 53, 286 (1984).
R. L. Sandstrom, W. J. Gallagher, T. R. Dinger, R. H. Koch,

R. B. Laibowitz, A. W. Kleinsasser, R. J. Gambino, B. Bumble, and M. F. Chisholm, Appl. Phys. Lett. 53, 444 (1988).
' S. M. Arora, V. Desai, J. Chen, L. Chow, and K. Sundaram, J.
Electrochem. Soc. 136, 235C (1989).
'sR. P. Voss, J. Stat. Phys. 36, 861 (1984).
' D. M. Deleeuw, C. S. H. S. Mutsaera, C. Langereis, H. C. A.
Smoorenbugr, and P. J. Romnens, Physica C 152, 39 (1988).
'7L. Forrest and T. A. Witten, J. Phys. A 12, L109 (1979).
'sL. Chow and J. Chen (unpublished).
' D. Chen, D. Pang, Z. Yang, S. Kong, L. Wang, K. Yang, and
G. Qiao, J. Phys. C 21, L271 (1988).

